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The Late Devonian to Early Mississippian Sappington Formation in southwestern 
Montana documents the eustatic and tectonic control southern hemisphere glaciation and the 
emergence of the Antler Orogeny had on sedimentation across western North America. 
Deposition was limited to a series of basins separated by structural highs where sedimentation 
was driven by transgressive- regressive cycles. The Sappington Formation was deposited in a 
portion of the Central Montana Trough, with resulting marine stratigraphy represented by a basal 
organic rich-shale, a middle dolomitic to calcareous siltstone, and an upper organic-rich shale. 
Strikingly similar stratigraphy is found across in other basins across western North America, 
representing deposition influenced by similar tectonic and eustatic forces. This study focuses on 
understanding the diagenetic history of the Sappington Formation within a sequence stratigraphic 
and depositional framework to improve the understanding of petroleum reservoir potential and 
quality of time-equivalent strata regionally. 
The diagenetic history of the Sappington Formation depicts a complex sequence of 
cement formation and mineral dissolution stages. The overall diagenetic sequence is 
characterized by zoned, planar dolomite rhombs, with variations in magnesium to iron ratios. 
Other diagenetic stages include quartz, calcite, and clay cement, feldspar and carbonate 
dissolution, and pyrite formation. Particular focus was placed on the formation of dolomite, as 
ferroan stages are preferentially dissolved over magnesium stages, creating secondary dissolution 
porosity.  
Timing, presence, and extent of diagenetic events is controlled by the distribution of 
primary grains, depositional facies, sequence stratigraphic surfaces, and structural lineaments. 
Integrating the diagenetic history with the primary depositional fabric indicates significant 
complexity in the distribution of diagenetic minerals throughout the Sappington Formation in the 
Bridger Range. Utilizing this diagenetic framework in the time-equivalent Bakken Formation 
may aid in understanding of the diagenetic history of the unit, potentially resulting in 
development of new exploration and development strategies within the Williston Basin. 
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I. Introduction 
	
 The late Devonian to early Mississippian Bakken Formation holds some of the most 
prolific reserves of crude oil and natural gas in North America. Advances in drilling and 
completion technology have allowed for tight hybrid plays like the Bakken to become 
economically important resources for North American companies in the past decade. Recent 
studies have been directed at understanding the geology of the Bakken Formation through 
depositional facies and sequence stratigraphic frameworks (e.g. Kohlruss and Nickel, 2009; 
Sonnenberg and Pramudito, 2009; Simenson et al., 2011; Egenhoff and Fishman, 2013), with 
additional studies on the diagenetic alterations (e.g. Pitman et al., 2001; Karasinski, 2006; 
Alexandre et al., 2012; Fishman et al., 2015). Despite these efforts, the geologic understanding of 
the formation has not been well constrained, and production rates across the basin are still 
variable (Theloy and Sonnenberg, 2013). 
 Understanding the distribution of reservoir quality throughout petroleum systems is 
essential at all levels of prospect evaluation. In clastic reservoirs, the primary controls on 
reservoir quality are attributed to the size, shape, sorting, and mineralogy of detrital framework 
grains, and additionally by the amount, distribution, and mineralogy of diagenetic cements. 
Therefore, diagenesis can have a large impact on porosity and permeability preservation in the 
subsurface, and many studies have attempted to create predictive models about the diagenetic 
pathways sediments undergo post-burial (e.g. Schmidt and Mcdonald, 1979; Surdam et al., 1984, 
1989; Surdam and Crossey, 1987; Morad et al., 2010; Taylor et al., 2010). However, little focus 
has been placed on the diagenetic history of the Middle Member (Pitman et al., 2001; Karasinski, 
2006; Alexandre et al., 2012; Fishman et al., 2015), and an understanding on the timing and 
distribution of diagenetic phases is not well constrained. 
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 Given that the Bakken Formation does not outcrop at the surface in the Williston Basin, 
all available geologic information is from core and well log data. These tools are important in 
subsurface exploration, but provide a one-dimensional view of the subsurface. In other basins, 
seismic amplitude analysis is widely used as a tool to provide quantitative understanding of 
reservoirs in the second and third dimensions, with 2D and 3D seismic analyses, respectively. 
However, the thickness of the Bakken Formation ranges from a maximum of 44 meters, with a 
Middle Member thickness of 26 meters, in the basin center, to non-existent at the basin margin 
pinch-out of the formation (Webster, 1987). The thin nature of the Bakken Formation hampers 
the potential for detailed seismic attribute analysis to resolve the geologic complexities in the 
Middle Member (Humphrey et al., 2014). Recent work by Humphrey et al., 2014 showed the 
only statistically significant seismic amplitude analysis, in terms of cumulative production, was 
acoustic impedance, but identified an additional 16 analyses that displayed minor correlation to 
production. To better utilize seismic-scale analyses, it is essential to gain an understanding of 
how the geology actually varies in three dimensions throughout the reservoir to interpret the data 
in a geologically meaningful way. To this end, time-equivalent outcrop analogues for the Bakken 
Formation provide the exposures necessary to understand these heterogeneities, and will aid in 
interpreting the already available data. 
 Late Devonian to Early Mississippian strata in basins adjacent to the Williston Basin 
provide the outcrop exposures necessary to fully understand the complexities of the Bakken 
Formation. The Englewood Formation, exposed in South Dakota, is the closest in proximity to 
the Williston Basin, but is dominated by limestone lithologies and is missing the basal organic-
rich shale, as well as the underlying Devonian carbonates (Klapper and Furnish, 1962). 
Similarly, the Cottonwood Canyon Member of the Lodgepole Formation, exposed in Wyoming, 
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is dominated by dolomitic shale lithologies and is missing the basal organic-rich shale (Sandberg 
and Klapper, 1967). The Exshaw Formation, exposed in southern Alberta, contains similar 
lithologies, but represents a system that experienced greater influence from the Antler Orogeny 
(MacQueen and Sandberg, 1970; Caplan and Bustin, 1998). The Sappington Formation, exposed 
across central and southwestern Montana, contains similar lithologies as the Bakken Formation, 
(Berry, 1943; Sloss and Laird, 1947; McMannis, 1955, 1962; Gutschick and Perry, 1957; 
Sandberg and Hammond, 1958; Achauer, 1959; Sandberg, 1962, 1965; Adiguzel, 2012; Nagase 
et al., 2014), and is of similar age (Klapper, 1966; Huber, 1983; Hayes, 1985; Karma, 1991; 
Savoy and Harris, 1993; Kaufmann, 2006; Johnston et al., 2010), making it the best surficial 
analogue to the Bakken Formation. The Sappington Formation is best exposed along the ridge 
crest in the Bridger Range, southwestern Montana (Figure 1). Uplift during the Laramide 
Orogeny created laterally extensive outcrops of the Sappington Formation where sedimentary 
body architectures and facies distributions can be observed, and mineralogic variations can be 
quantified.  
 This study integrates diagenesis with sedimentology, facies distribution, and sequence 
stratigraphy from extensive outcrop studies in the Bridger Range. The results from this study will 
help to better understand the mechanisms and timing of diagenetic phases, the distribution of 
different phases within a sequence stratigraphic framework, and their control on secondary 
porosity formation in the middle member of the Sappington Formation.  Given that the 
Sappington and Williston basins contain similar stratigraphy, and the Bakken and Sappington 
Formations display similar alterations, the diagenetic framework for the Sappington Formation 
can aid in understanding the distribution of diagenetic phases in the Bakken Formation. This 
	 4	
diagenetic framework can be applied in the Williston Basin and serve as a predictive model for 
better reservoir quality intervals. 
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II. Regional Framework 
	
 The late Devonian to early Mississippian strata found in Montana document the complex 
basin arrangements, and eustatic conditions present during time of deposition. Sea-level during 
this time was controlled by Southern Hemisphere glaciation, with alternating global regressive-
transgressive cycles (Johnson et al., 1985). Large transgressive events in these cycles caused 
rapid rise in sea-level, promoting anoxic bottom water conditions, a decrease in sediment supply, 
and ultimately the onlap of organic-rich shales onto stable continental margins across the globe 
(Johnson et al., 1985). The emerging Antler Orogeny to the west of the study area resulted in the 
reactivation of high-angle Proterozoic faults (Dorobrek et al., 1991), but likely didn’t source 
sedimentation of the Late Devonian to Early Mississippian system in Montana (Sandberg et al., 
1982b). As a result, sedimentation was locally sourced and concentrated in a series of isolated 
basins and sub-basins (Peterson, 1981; Sandberg et al., 1982a; Nagase et al., 2014) (Figure 2). 
The resulting stratigraphy is generally represented by black, organic-rich shale, overlain by 
calcareous siltstone and sandstone (Sandberg and Hammond, 1958; Sandberg and Klapper, 1967; 
Baars, 1972; Smith and Bustin, 2000).  
Time equivalent formations throughout Montana, North Dakota, Alberta, and Wyoming 
are recognized by strikingly similar strata, and represent deposition in these complex sub-basins 
present during the Late Devonian (Sandberg and Hammond, 1958; Sandberg and Klapper, 1967; 
Baars, 1972; Peterson, 1981; Smith and Bustin, 2000) (Figure 3). The Bakken Formation was 
deposited in the intra-cratonic Williston Basin, which spans from eastern Montana through 
southern Saskatchewan and Manitoba into North and South Dakota (Lefever et al., 1991). The 
Sappington Formation was deposited in the east-west trending Central Montana Trough, 
covering a portion of Central Montana, and separated from the Williston Basin in the east where 
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the Central Montana trough becomes less pronounced (Sandberg and Klapper, 1967; Nagase, 
2014; Nagase et al., 2014). The Exshaw Formation was deposited in the Western Canadian 
Basin, which spans east from the Canadian Shield, west to the Canadian Cordillera (Allan and 
Creaney, 1991). The Cottonwood Canyon Member of the Lodgepole Formation was deposited 
across in a north-south trending trough across Montana and Wyoming (Sandberg and Klapper, 
1967). These basins (Figure 2) were separated by paleo-highs associated with the onset of the 
Antler Orogeny (Dorobrek et al., 1991), and created similar basin conditions during the Late 
Devonian-Early Mississippian to record such similar stratigraphy.  
The Sappington Basin represents a portion of the Central Montana Trough that was 
bounded to the north by the Central Montana Uplift and to the south by the Beartooth Uplift 
(Peterson, 1981; Dorobrek et al., 1991; Nagase et al., 2014) (Figure 2). Deposition of the 
Sappington Formation was restricted to this sub-basin, and consists of upper and lower dark grey 
to black shale members, and a middle silty calcareous to dolomitic middle member, representing 
deposition in a marine environment (McMannis, 1955; Gutschick and Perry, 1957, 1959; 
Sandberg and Hammond, 1958; Achauer, 1959; Sandberg, 1965; Gutschick et al., 1962; 
Sandberg, 1962; Adiguzel, 2012; Nagase, 2014; Nagase et al., 2014; Phelps, 2015). The specific 
depositional environments, however, have been debated. The dark shale members are proposed 
to have been deposited in low-energy, poorly circulated lagoons (Gutschick and Perry, 1959; 
Gutschick et al., 1962), and in restricted, offshore marine environments (Adiguzel, 2012; 
Nagase, 2014; Nagase et al., 2014; Phelps, 2015). The middle silty calcareous to dolomitic 
member has been proposed to represent deposition in a shallow marine bank to tidal flat 
environments (Gutschick and Perry, 1957, 1959; Gutschick et al., 1962; Adiguzel, 2012), and in 
offshore transition to middle and upper shoreface environments (Rau, 1962; Nagase, 2014; 
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Nagase et al., 2014; Phelps, 2015). This paper refers to the Sappington Formation depositional 
environment as proposed by Phelps (2015).  
Recent sequence stratigraphic interpretations for the Sappington Formation identified two 
complete sequences, and a third incomplete sequence within the Sappington Formation (Nagase, 
2014; Nagase et al., 2014; Phelps, 2015) (Figure 4). The base of the Sappington is marked by a 
sequence boundary (SB) and a transgressive systems tract (TST) that places the Lower Member 
unconformably above the Three Forks Formation, and continues to a maximum flooding surface 
(MFS) which marks the most landward shift in sea level. Above the MFS the Lower Member 
coarsens upward into a highstand systems tract (HST), which continues into the lower Middle 
Member. The top of the HST is represented by a shift from silty, dolomitic facies to interbedded 
siltstone and clay facies, marking the second SB and transition into a second TST. A second 
MFS is recognized by an increase in clay content and marks the most landward shift in sea level. 
A brief transition to a HST is represented by a coarsening upward sequence above the MFS, 
before an abrupt shift in grain size marks a forced regressive surface (FRS) and initiation of a 
falling stage systems tract (FSST), resulting in a basinward shift of deposition. This sequence is 
capped by a third SB and transition into a third TST and MFS during deposition of the Upper 
Member. An upward coarsening sequence at the top of the Upper Member represents a shift into 
a third HST, which continues into the overlying Lodgepole Formation. 
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III. Dolomite in the Geologic Record 
	
 The process of dolomitization has been a geologic enigma for centuries, and the 
mechanisms that form dolomite are still not well constrained. Dolomite comprises 50% of the 
world’s carbonate petroleum reservoirs (Zenger and Dunham, 1980), but is only found as patchy 
micritic cements in subtidal carbonate sediments and does not precipitate in low temperature (> 
30 °C) laboratory conditions (Land, 1998). Many models have attempted to explain the 
occurrence of dolomite, yet there are no modern analogues for these models to explain the large 
concentration of dolomite in the geologic record, and thus has been deemed “the dolomite 
problem” (van Tuyl, 1916). This brief review will introduce the reader to the current state of the 
“dolomite problem” and introduce potential models for dolomite formation in the Sappington 
Formation. 
 
Dolomite the Mineral: 
 Dolomite has an ideal chemical formula of CaMg (CO3)2, with alternating layers of 
Calcium (Ca2+) and Magnesium (Mg2+), separated by layers of CO32-. This formula is 
stoichiometrically perfect where Ca and Mg exist in equal proportions. However, like most 
things found in nature, dolomite is very rarely found to be stoichometrically perfect and is best 
represented by the formula Ca(1-x)Mg(1-x) (CO3)2 with common substitutions of elements with 
similar ionic radii (e.g. Fe2+, Sr2+, Na+, Mn2+)(Land, 1980).  
 The formation of dolomite can be primary or replacive, and is largely a kinetic problem 
(Land, 1998). Primary dolomite, or dolomite precipitated directly from solution, can occur in a 
variety of environments ranging from the sediment-water interface, to deep burial conditions. 
This is represented by equation 1: 
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Ca2+ + Mg2+ + 2(CO32-) = CaMg(CO3)2      Equation (1) 
Where Ca2+ and Mg2+ form alternating layers, separated by CO32- layers, and Ca2+ or Mg2+ can 
be substituted by the cations mentioned above. Replacive dolomite, or dolomite that replaces 
some other carbonate precursor (typically calcite), occurs below the sediment-water interface, 
and is represented by equation 2: 
2CaCO3 + Mg2+ =  CaMg(CO3)2 + Ca2+      Equation (2) 
Where calcite (CaCO3), in the presence of Mg2+, will form dolomite and release Ca2+ into 
solution.  
In both primary and replacive dolomite, trace elements can substitute into the chemical 
structure for Mg or Ca during precipitation or replacement. The concentrations of trace elements 
(e.g. Fe2+, Sr2+, Na+, Mn2+) within the dolomite structure is a product of their saturation within 
the fluid that precipitated dolomite (Land, 1980; Burns and Baker, 1987). Put simply, a large 
concentration of trace elements in the fluid will create dolomite with a large amount of trace 
elements. These trace elements, however, are stable under specific conditions and therefore the 
presence of these elements provides insight into the environment in which they formed. Iron 
typically exists in dolomite crystals in its reduced form, requiring formation in reduced 
conditions (Taylor and Sibley, 1986). Strontium and sodium are typically associated with 
formation from normal seawater and are most prevalent trace elements in dolomite crystals that 
replaced a calcite precursor (Land, 1980). Manganese is also typically found in its reduced state, 
requiring reduced conditions during dolomite formation (Pierson, 1981).  
 
Dolomite Formation Models:  
Sabkha Dolomite: 
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 Small amounts of mictric modern dolomite have been found precipitating in patchy, 
stratiform beds in tidal flats in the Arabian Gulf (Warren, 1991). The high ambient temperatures 
here cause rapid evaporation of pore water, promoting precipitation of evaporitic minerals such 
as anhydrite or gypsum, which take Ca out of solution. Dolomite present in these environments 
are typically Ca-rich, ordered, pore filling rhombs, and rarely found replacing an aragonite 
precursor (Wenk et al., 1993). Dolomite is most concentrated in the supratidal zone, just above 
the high spring tide water table, where rapid evaporation promotes evaporate precipitation and 
moves the Mg/Ca ratio into the dolomite stability field (Patterson and Kinsman, 1982). This 
relationship is shown in equations 3a and 3b: 
Ca2+ + SO42- + H2O = CaSO4 • H2O       Equation (3a) 
Where fluids with high concentrations of calcium and sulfate precipitate gypsum in temperatures 
< 40°C (Murray, 1964). 
Ca2+ + SO42- = CaSO4         Equation (3b) 
Where fluids with high concentrations of calcium and sulfate precipitate anhydrite, a non-
hydrated mineral, in temperatures > 40°C (Murray, 1964). Independent of the temperature of the 
environment, both equations uptake Ca2+, thereby increasing the Mg/Ca ratio into the dolomite 
stability field (Figure 5). 
Sabkha tidal sequences have been observed in Pleistocene sediments in the subsurface, 
offshore Arabian Sea, where a 55m thick section of dolomite is restricted to tidal facies, and is 
found in conjunction with an abundance of anhydrite (Chafetz et al., 1999). This observation 
demonstrates the shift of the solution into the dolomite stability field via precipitation of 
evaporative minerals, providing a possible mechanism of ancient dolomite formation.  
Normal Seawater Dolomite: 
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 Dolomite has been shown to form in solutions with Mg concentrations similar to that of 
normal seawater (Land, 1985). The ions that compose seawater are predominately Na+, Mg2+, 
Ca2+, CO32-, K+, and SO42-, and their abundance can be related to large-scale tectonic events (i.e. 
seafloor spreading) (Wilkinson et al., 1985; Sibley, 1991; Hardie, 1996). Of particular interest 
for dolomite formation is the abundance of Ca2+, Mg2+, and CO32-, and more importantly, the 
ratio of Mg2+ with respect to Ca2+. The Mg/Ca ratio of seawater dictates the composition of 
marine cements and shells of benthic organisms (Sandberg, 1983). Seawater with high Mg2+ 
concentrations favor aragonite or high-Mg calcite as the stable CaCO3 stage, while seawater with 
low Mg2+ concentrations favor low-Mg calcite as the stable phase (Berner, 1975; Sandberg, 
1975; Hardie, 1996; Ries, 2010). The concentration of CO32- is linked to the partial pressure of 
CO2 in the atmosphere (pCO2). The higher the pCO2 in the atmosphere, the higher the CO32- 
concentrations in the ocean (Sandberg, 1975, 1983; Hardie, 1996). The lack of observed 
aragonite and high-Mg calcite in Devonian sediments suggests that it was a time of “calcite” seas 
with high pCO2 (Figure 6) and that the stable marine precipitate was low-Mg calcite (Hardie, 
1996). The precipitation of these carbonate phases can be shown by equation 4: 
Ca2+ + Mg2+ + CO32- = (Ca1-x, Mg1-x)CO3      Equation (4) 
Where the concentration of Ca2+ and Mg2+ is determined by the rate of seafloor spreading 
(Hardie, 1996), and by the rate of evaporation versus precipitation, while the concentration of 
CO32- is determined by the concentration of CO2 in the atmosphere (Sandberg, 1983; Wilkinson 
et al., 1985), and the resulting carbonate is a product of the concentration of those ions. In the 
presence of high amounts of Mg2+, high-Mg calcite and aragonite will precipitate, while low 
Mg2+ will precipitate low-Mg calcite. The concentration of CO32- will dictate the rate of 
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precipitation of the carbonate phases. The higher the CO32-, the faster carbonate phases will 
precipitate in order to reach equilibrium. 
 This relationship does not explain the large amount of Paleozoic dolomite present in the 
geologic record, and thus another parameter must be considered. The chemical structure of 
dolomite is thought to be the main inhibitor of dolomite formation (Folk and Land, 1975; Hardie, 
1987; Land, 1998). Dolomite requires slow crystallization, in solutions close to equilibrium with 
dolomite (Folk and Land, 1975), and therefore Mg/Ca ratios closer to 1, with elevated pCO2, may 
have been more conducive to dolomite formation during the Devonian. Furthermore, Sibley, 
1991 argues that dolomitization in the Paleozoic was elevated as a result of prolonged sea-level 
highstand, combined with increased sea-floor spreading, and most Paleozoic dolomite formed 
during times of minimal glaciation. 
Modern seawater has a Mg/Ca ratio of ~5.2:1, which falls in the dolomite stability field, 
however, it does not readily precipitate (Folk and Land, 1975). Instead aragonite and high-Mg 
calcite are the stable phases in most environments (Berner, 1975; Sandberg, 1983). This is a 
product of the kinetic inhibitors caused by dolomite ordering discussed above. Put simply, given 
enough time dolomite can precipitate from normal seawater. This relationship has been observed 
in dolomite cement found in a 4.3m thick section of subtidal Holocene deposits in Belize, where 
pore waters that precipitated dolomite display ionic concentrations similar to that of modern 
seawater (Mazzullo et al., 1995). The dolomite is present as an inter-particle cement nucleating 
on aragonite and high- and low-Mg calcite grains. It is Ca-rich and poorly ordered, with no 
change in stoichiometry with depth. This deposit of modern dolomite is relatively thin (~5m), but 
formed relatively quickly (<6,000 years). Given enough time, seawater pumping through 
sediments may be responsible for extensive dolomitization. 
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Brine Reflux Dolomite: 
 Some ancient dolomite deposits show distributions of dolomite that display relationships 
to overlying or adjacent evaporitic facies. As evaporate minerals are precipitated from seawater, 
the concentrations of the remaining ions will increase, resulting in an increased fluid density. 
This dense fluid, typically called a brine, will migrate basinward and displace connate water due 
to the contrast in density between the two fluids (Adams and Rhodes, 1960). Brines are enriched 
in Mg as evaporitic deposits are dominated by non-magnesian phases such as gypsum and 
anhydrite. This relationship is again shown by equations 3a and 3b: 
Ca2+ + SO42- + H2O = CaSO4 • H2O       Equation (3a) 
Where fluids with high concentrations of calcium and sulfate precipitate gypsum in temperatures 
< 40°C (Murray, 1964). 
Ca2+ + SO42- = CaSO4         Equation (3b) 
Where fluids with high concentrations of calcium and sulfate precipitate anhydrite in, a non-
hydrated mineral, in temperatures > 40°C (Murray, 1964). The precipitation of these minerals 
will enrich the remaining fluid with respect to Mg. The Mg enriched brine flows through the 
sediment and precipitates dolomite as it migrates basinward.  
This model has been applied to the extensive platform dolomite deposits of the Permian 
Central Basin Platform of west Texas and eastern New Mexico (Adams and Rhodes, 1960), and 
more recently, Shields and Brady, 1995 have applied the brine reflux model in Devonian 
carbonates in the Western Canadian Basin. This work revealed that evaporitic sourced brines can 
dolomitize a carbonate platform within a few million years, as the fluids moved slowly 
basinward and had long enough resonance times to dolomitize the precursor carbonates.  
Mixing Zone Dolomite: 
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 This model is simple in that the only requirements to form dolomite are the mixing of two 
water bodies that have different saturation states with respect to dolomite (Warren, 2000). A 
subsurface brine that is enriched in Mg and Ca, but not in the stability field of dolomite, can mix 
with meteoric water that is depleted in Ca, thereby raising the Mg/Ca ratio and moving the 
solution into the stability field of dolomite (Folk and Land, 1975) (Figure 5). This model has 
been applied to modern dolomite deposits (e.g. Humphrey and Quinn, 1989), but the validity of 
this model to extensively dolomitize has been questioned and accepted mixing zone dolomite is 
exceedingly rare (Hardie, 1987).  
A 20m thick interval of dolomite found in the middle Eocene Avon Park Formation 
suggests an origin from mixed marine and meteoric water (Cander, 1994). The dolomite is found 
replacing earlier seawater sourced dolomite through Equation 2, and as a secondary cement 
around the earlier dolomite crystals through Equation 1. Pore fluid sampled from just above the 
dolomitized interval show a concentration of 6% seawater and 94% meteoric water. The 
concentrations of the pore fluid suggest significant influence of meteoric water to move the 
stability field to dolomite, accomplished from a long resonance time of groundwater fluids in the 
aquifer attributed to stable hydrologic conditions.  
Bacterial Mediated Dolomite: 
 Sulfate reducing bacteria have been proposed as a mediator in dolomite formation. The 
bacteria can provide a surface for nanoscale dolomite crystals to nucleate, aiding in overcoming 
the kinetic barriers faced with dolomite precipitation (Vasconcelos and McKenzie, 1997). This 
has been observed in dolomite precipitating in shallow-water isolated, coastal lagoons in Brazil. 
Here, the lagoons are recharged by meteoric and seawater, providing the ions necessary for 
dolomite precipitation. The bacteria thrive in anoxic conditions in organic-rich mud at the bottom 
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of the lagoon and metabolize sulfate to produce bicarbonate, altering the microenvironment 
around them and precipitating nano-scale, spheroidal dolomite crystals. These observations have 
been reproduced in laboratory experiments (Warthmann et al., 2000), in temperatures where a 
solution supersaturated with respect to dolomite failed to precipitate after over 30 years (Land, 
1998).  
Burial Dolomite: 
 Dolomite formed during progressive burial is the simplest model for dolomite formation. 
The kinetic barriers present in lower-temperature models are overcome during increased 
temperature, and dolomite is a more stable phase. All this model requires is flushing of the 
system by fluids with some presence of Mg, in temperatures above 50°C. Therefore, it has been 
suggested that almost any fluid can be a dolomitizing fluid, and given enough time and fluid 
flow, dolomite will be a pervasive cement (Hardie, 1987). Most buried carbonate sequences that 
were not dolomitized early in their depositional history have a drastic reduction in porosity and 
permeability with depth, and thus are not susceptible to burial dolomitization. Commonly late-
stage dolomite cements are found in vugs, fractures, and caverns (i.e. any available pore space in 
progressive burial). Given open pore space in the subsurface, this model has the potential to form 
large accumulations of dolomite. 
 This model has been applied to the Ordovician Ellenburger Group by (Kupecz and Land, 
1991). Here, a shallow marine mixed carbonate-siliciclastic sequence has been pervasively 
dolomitized by late-stage dolomites. Primary calcite and early dolomite has been replaced via 
Equation 2 by later stage coarse, euhedral dolomite crystals. Dolomite cements have been 
precipitated in open pores via Equation 1. From fluid inclusion studies it is evident that late-stage 
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dolomite in the Ellenburger Group formed in temperatures between 50°C and 110°C (Kupecz 
and Land, 1991).  
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IV. Methods 
	
A series of detailed stratigraphic sections were measured in a North-South trending 
transect across the Bridger Range in southwestern Montana.  The study area is approximately 17 
kilometers in length, and spans the topographic crest of the range (Figure 1). Six main outcrops 
were measured: North Cottonwood (NC), Hardscrabble Peak (HP), Dry Canyon (DC), Potter’s 
Gulch (PG), Ross Peak (RP), and Saddle Peak (SP), with additional detailed transects (spaced 
20-50 meters apart), three at DC and six at SP. Each measured section was described in detail at 
the decimeter scale, and systematically sampled (e.g. similar stratigraphic levels across study 
area).  Depositional facies were identified in the Bridger Range by Phelps, 2015 and will be 
applied to this study (Table 1). Additionally, natural gamma radiation measurements were taken 
with a handheld scintillometer (TerraPlus RS-125).  Measurements were taken at 10-centimeter 
intervals in the upper and lower members, and at 50-centimeter intervals in the middle member.  
The raw spectral gamma ray values, given in percent Potassium (K%), parts per million Thorium 
(Th ppm), and parts per million Uranium (U ppm), were converted to standard American 
Petroleum Institute (API) Units. 
 A total of 159 samples were collected in the field and subsequently analyzed at the 
University of Montana.  Petrographic analysis was undertaken on 75 standard impregnated, and 
oriented thin sections from various Sappington Formation lithofacies.  All thin sections were 
analyzed using standard petrographic techniques with a Leica DM-LP polarizing light 
microscope, and quantitatively using a scanning electron microscope (SEM) and energy 
dispersive spectroscopy (EDS) (Tescan Vega III SEM) to differentiate between siliciclastic and 
carbonate phases (e.g. dolomite from ferroan dolomite).  
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 In contrast to conventional point-counting techniques, a systematic, randomized SEM-
EDS approach was undertaken (Figure 7). For each thin section a 6X6 cell grid (labeled 1-6) was 
placed on a scan of the thin section. A random number generator (e.g. www.random.org) was 
used to select a grid 1-6. The number that was selected then had a smaller 6X6 grid (again 
labeled 1-6) placed into the larger grid. Another random number was generated to select a 
smaller grid. A point within the smaller grid was the site for analysis. Backscatter electron (BSE) 
and EDS scans were run at 3 different magnifications: 154x, 368x, and 1,620x. One image was 
acquired from the 154x scan, from which the 368x scan was selected based on mineral presence 
(e.g. dolomite). Three 1,620x scans were run from within the boundary of the 368x scan. The 
same approach was repeated at another random point on the thin section using the same 
methodology.  This technique resulted in acquisition of 750 quantitative data points across 75 
samples.  
Bulk mineralogical data was acquired on all samples using a PANalytical X’Pert PRO X-
ray diffractometer and processed using X’Pert PRO analytical software (Table 1). Fresh samples 
were ground using a LESSON ball mill (Model: A4S17DZ32C), and mounted into 27mm back-
mounted powder mounts. Data was acquired from 2 to 70 two-theta over 11 minutes. Each 
sample was processed 3 times and merged into one averaged scan. 
Total organic carbon (TOC) content was measured in 75 samples from the upper and 
lower fine-grained Sappington Members using a CE Instruments EA 1110 CHNS-O Elemental 
Analyzer.  Fresh samples were ground using a porcelain pestle and mortar, transferred into silver 
capsules, and weighed. Samples were treated twice with 0.1mL of hydrochloric acid to dissolve 
any non-organic carbon present, and dried for 24 hours to remove fluids. Samples were then 
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loaded into the Elemental Analyzer to determine carbon content. Additionally, Rock-Eval 
pyrolysis data was obtained on 13 samples using standard preparation and acquisition methods. 
 A temperature reconstruction of the Sappington Formation in the Bridger Range was 
compiled through basin reconstruction. Schlumberger’s Petro-Mod 1D modeling software was 
used in the reconstruction. Stratigraphic thickness of units in the Bridger Range was compiled 
from published sources (McMannis, 1955; Skipp et al., 1999). Heat flow was assumed to range 
from 70 mW/m2 to 45 mW/m2 (Osadetz et al., 2002). Paleowater depth was estimated based on 
lithology of sediments, and sediment-water interface (SWI) temperature was calculated from 
Wygrala (1989). This information is synthesized in Table 2. 
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V. Results: 
	
Mineral Occurrences: 
Detrital Grains: 
 
Framework grains in the Lower and Upper Members (facies 1-4) consist of fine to coarse 
silt sized (7.8-62µm), sub-angular to sub-rounded, monocrystalline quartz (Figure 8a) and 
potassium feldspar (confirmed through EDS and XRD analysis), are most common in siltstone 
laminations, and are interpreted to be detrital in origin. Locally, silt-sized, rounded radiolarian, 
tasminites (Figure 8b), and conodont microfossils are present. Detrital clay minerals (dominantly 
illite, and less commonly muscovite) occur in fine-grained laminations and fill the matrix 
between quartz and feldspar grains in coarser-grained intervals (Figure 8b).  Rare examples of 
detrital titanium oxide and phosphatic grains occur locally throughout the section, but are most 
common in fine-grained laminations in the Upper Member. From quantitative XRD analysis, the 
most common detrital mineral (by wt%) in the Lower and Upper Members is quartz, with lesser 
amounts of clays, micas, and feldspar (Table 1). 
Framework grains in the Middle Member (facies 5-14) consist of coarse silt to very fine 
sand sized (30-125µm), sub-angular to sub-rounded monocrystalline quartz (Figure 8c) and 
potassium feldspar grains (Figure 8d), and are interpreted as detrital in origin. Locally, oncoids 
are found nucleating on carbonate shell fragments (typically brachiopods), are commonly 
associated with various other silt-sized carbonate bioclasts, and most common in the lower 
interval of the Middle Member. Illite laminations are locally present and increasingly abundant 
in finer-grained facies. A consistently ~4m thick fine-grained interval in the Middle Member 
(facies 5 and 6) contains detrital clay, commonly interbedded with siltstone laminations. Rare 
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examples of titanium oxide and phosphatic grains occur locally throughout the section, and are 
most common in siltstones in the upper interval of the Middle Member. From quantitative XRD 
analysis, the most common detrital mineral (by wt%) is quartz, with lesser amounts of feldspar, 
and clay minerals (Table 1).  
 
Cement Types: 
	
Quartz: 
 Quartz overgrowths occur as syntaxial rims that cover the surface of detrital quartz grains 
partly to completely and are typically near euhedral (Figure 9a,b). The thickness of the rim is 
variable and ranges from ~2µm to 10µm wide. The thickest rims typically occur in intervals 
where feldspar has been heavily dissolved and the rim is growing outward into open porosity, but 
are also present in intervals where potassium feldspar is not dissolved. Overgrowths are most 
common and continuous on the surface of detrital monocrystalline quartz grains, where 
polycrystalline quartz grains have poorly developed and discontinuous overgrowths. This cement 
is most common in the Middle Member, particularly in the upper interval in facies 8-11. 
Overgrowths have not been observed on detrital quartz grains in the Lower and Upper Members. 
 Pore-filling quartz cement occurs where multiple overgrowths coalesce and form a 
cement that completely occludes pores (Figure 9a,b). This is most common where multiple 
detrital quartz grains are in point-to-point contact with one another and overgrowths have been 
well developed, creating a patchy quartz cement texture. Authigenic illite is commonly found 
included within the cement between the boundary of coalescing overgrowths. Given the 
relationship to the quartz overgrowths, this cement is most common in the Middle Member, 
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particularly in the upper interval of the Middle Member in facies 8-11, and not observed in the 
Lower and Upper Members. 
 Replacive quartz cement occurs in microfossils that have been replaced, or recrystallized, 
as quartz. This is most common in silt laminations in the Lower Member where biogenic 
radiolaria have been recrystallized as massive, syntaxial quartz cement. Examples of unaltered 
radiolaria display preservation of shape and structure, while altered examples are recrystallized 
as massive, quartz cement, typically with clay mineral inclusions. This cement is restricted to 
radiolarian microfossils in facies 1a in the Lower Member, as the Middle and Upper Members do 
not contain radiolaria. 
 Given that quartz is also a detrital phase, a quantitative measurement of the percentage of 
quartz cement cannot be provided with XRD analysis. From qualitative petrographic and SEM 
analysis, overgrowths occur on > 30% of all detrital quartz grains, while patchy quartz cement 
comprises < 10% of samples with quartz cement. As stated previously, the replacive quartz 
cement is restricted to radiolarian grains within the Lower Member and represents < 1% of the 
total rock volume.  
 
Clay Linings and Cements:  
 Clay linings, dominantly illite, occur as thin < 5µm coatings on the surface of detrital 
quartz grains, within cleavage planes of detrital feldspar grains, and on the surface of quartz 
overgrowths (Figure 9a,b). Linings vary from completely covering the surface of grains to 
forming a discontinuous lining along one face of the grain. The best developed linings occur on 
the surface of detrital quartz grains in close proximity to a dissolved detrital feldspar grain. Illite 
linings are most common in facies 8-12 in the Middle Member, are highest in abundance in close 
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proximity to the contact with the Upper Member, and depending on how developed the lining is, 
coalesce into other more developed clay cements. 
 Pore-throat filling illite cement is present filling pore space between non-coalesced quartz 
overgrowths and between the contacts of detrital quartz grains (< 5µm in diameter)(Figure 9a,b). 
This is most common where well-developed, continuous illite rims thicken into a pore throat, 
forming an occluding illite cement, and less commonly where illite is squeezed into the pore 
throat by later stage carbonate cements. Given the relationship to the clay linings, this is most 
common in facies 8-12 in the Middle Member where feldspar has been heavily dissolved. 
 Pore-filling illite cement is encountered as flaky crystals that completely fill secondary 
pores (< 50µm in diameter). Pores that have been filled by illite display a well-developed, 
continuous pore-lining that appears to have inhibited later diagenetic stages and creates a pore-
filling illite cement. Traces of detrital feldspar grains are commonly found at the center of the 
pore, with illite cement radiating away from the detrital grain. This is a rare cement type and is 
only observed in the upper interval of the Middle Member at the NC outcrop location.  
 Detrital clay represents only a small portion of facies 8-12 thus quantitative XRD 
analysis indicates that clay cement concentrations range from 0-12% with an average of 4.8% 
volumetrically. Qualitative estimates indicate that illite linings occur on < 40% of detrital quartz 
and feldspar grains in the Middle Member, while pore-throat filling illite occurs between < 5% of 
detrital grains. Pore-filling illite was encountered in two samples from the NC outcrop and thus 
represents < 1% of pore-filling cements. 
 
Dolomite: 
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 Dolomite is volumetrically the most abundant cement in the Sappington Formation. Most 
common are euhedral to subhedral, pore-filling, zoned, planar dolomites (50-100µm in size) with 
magnesium-rich cores and iron-rich rims (Figure 10). Magnesium concentrations of the cores are 
highest in the proximal basin positions and decrease basinward (Figure 11). Cores commonly 
contain micropores < 2µm in diameter), small illite and feldspar inclusions (< 2µm in diameter), 
and occur within close proximity to detrital feldspar grains. Most cores have the typical dolomite 
rhombohedral shape but often show significant corrosion along the edges (partial dissolution). 
Micropores are often rimmed by thin (< 2µm) alteration haloes of ferroan dolomite. Surrounding 
the magnesium-rich cores is a ferroan, euhedral to subhedral rim. Conversely to the cores, the 
iron concentration of the rims is lowest in the proximal positions of the basin and increase 
basinward (Figure 11). The rims contain similar micropores as the magnesium-rich cores, but do 
not display an alteration halo.  Zoned dolomites are the dominant cement type in the Middle 
Member, and are most abundant in facies 8-12. 	
Less commonly, dolomite cement exists as a strictly ferroan phase (Figure 10).  Ferroan 
dolomite cement occurs as finely crystalline (< 40µm), subhedral to euhedral crystals arranged in 
a planar-s texture, where ferroan dolomite rhombs fill small pores between primary grains and 
larger dolomites. Illite and feldspar inclusions within these crystals are rare, but if present, are 
most abundant within the outer ~ 5µm of the crystal. Unlike the larger, more complex zoned 
dolomites, the strictly ferroan stage does not display micropores within the crystal, rather the 
outer extent of the crystal is typically open pore space. Ferroan dolomite cement postdates the 
formation of magnesian dolomites, and have a similar composition to the ferroan rims. Ferroan 
rhombs occur in all Sappington Members, are most common in facies (7-12) of the Middle 
Member, and occur within siltstone laminations in the Lower and Upper Members. 
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 Very few dolomite grains could be recognized as detrital, thus quantitative XRD analysis 
indicates dolomite cement comprises between 0-69.9% (avg. 41%) volumetrically of the Middle 
Member mineralogy, and between 0-45.7% (avg. 16.5%) volumetrically of the Lower and Upper 
Members.  
 
Calcite: 
Calcite cement occurs most commonly as a massive, pore-filling cement that mimics the 
shape of dolomite rims (Figure 12a,b).  The calcite is non-ferroan (Figure 13) and commonly 
contains many pyrite inclusions. The extent of the cement is variable, as it is typically present on 
the outer extent of dolomite rhombs. This textural relationship is most common in the distal 
outcrop locations in facies 8-12 in the Middle Member, within close proximity to the Upper 
Member. 
Calcite cement also occurs as a massive, non-ferroan, grain-replacing cement, with a 
common mimetic texture of planar dolomite (Figure 12c,d). Pyrite inclusions are common, and 
relict dolomite crystals are typically observed. Similar to the pore-filling phase, this cement is 
observed in close relation to dolomite crystals, as this cement most commonly displays a 
mimetic texture of planar dolomite. This relationship is most common in the proximal outcrop 
locations in facies 8-12 in the Middle Member, and most pervasive within ~3m of the contact 
with the Upper Member. 
Primary carbonate grains are rare in intervals where calcite cements occur, and thus 
quantitative XRD analysis indicates that calcite cements vary from 0-54.9% (avg. 13.6%) 
volumetrically in the Middle Member, and is most common in facies 9a at the SP outcrop 
location. In the Upper and Lower Members calcite content ranges from 0-12.8% (avg. 2.1%).  
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Pyrite: 
Pyrite occurs most commonly as numerous, small (< 5µm), euhedral crystals embedded 
within calcite cement (Figure 12a,b), and within carbonate bioclasts (Figure 9c). In calcite 
cement the crystals are randomly distributed, while in the bioclasts the crystals are finely 
disseminated throughout. The crystals embedded in the calcite cement are most common in the 
upper interval of the Middle Member, while the disseminated pyrite is only observed in the 
carbonate-dominated interval of the Middle Member, just above the Lower Member. 
 Framboidal pyrite is present predominately in the Lower Member, where euhedral pyrite 
crystals, typically 3µm to 10µm in size, are found disseminated within organic-rich intervals 
(Figure 9d). Pyrite is most abundant in intervals with higher-TOC contents. This texture is also 
present in the Upper Member, but is not found in the Middle Member.  
 Quantitative XRD analysis indicates that pyrite content is highest in organic-rich 
intervals within the organic-rich mudstone facies (facies 1a) in the Lower Member, where 
average pyrite content is 1.1%.  
Organic Matter: 
 Organic matter is found as liquid hydrocarbons within pores, and as primary kerogen in 
the Upper and Lower Members. Kerogen is most common in the Upper and Lower Members, but 
is present in small amounts in the Middle Member as depicted in the TOC values. Liquid 
hydrocarbons are found filling micropores within dolomite crystals, and in larger pores on the 
outer-extent of dolomite rhombs. From qualitative observations, the largest accumulations of 
liquid hydrocarbons are within the dissolved cores of dolomite grains in the Middle Member, 
within ~1m of the Upper Member. 
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Porosity: 
Primary Porosity: 
 Primary porosity was not recognized in the Sappington Formation, as the diagenetic 
cements that comprise a majority of the mineralogy are so pervasive. However, given the fine-
grained nature of the Sappington Formation, it is possible that some of the porosity recognized as 
secondary is primary. 
Secondary Porosity: 
 Secondary intercrystalline and intracrystalline porosity affect detrital grains and 
secondary cements (Figure 14). Intercrystalline porosity is most common in the upper Middle 
Member, where both detrital grains and secondary cements show examples of dissolution. 
Intracrystalline porosity is common throughout the upper Middle and Upper Members, and 
largely effects secondary carbonate cements.  
Detrital feldspar grains are the lone detrital component that displays secondary porosity 
formation. Intercrystalline porosity is the most common porosity type in feldspar grains, and 
displayed where grains are partially to completely dissolved. Secondary dolomite crystals 
commonly fill the pore space created during this dissolution event, but in intervals where 
dolomite is not present, the porosity is preserved as oversized pores (Figure 14A). Qualitative 
observations show ~95% of all detrital feldspar grains show some extent of dissolution or 
replacement, while ~5% of that porosity is actually preserved. Less commonly, feldspar grains 
display intracrystalline porosity along cleavage planes, typically filled with authigenic illite, but 
are open in some intervals (Figure 14B). Intracrystalline porosity in feldspar grains is rare and 
occurs in < 5% of samples.  
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Diagenetic carbonate cements show similar examples of intercrystalline and 
intracrystalline porosity. The most frequent secondary porosity found in carbonate cements is 
intracrystalline microporosity (pores with < 5µm diameter). This microporosity is present in the 
center of magnesian dolomite rhombs, and less commonly in the outer ferroan dolomite rims 
(Figures 10B, 10D, 12A, 12B). Intracrystalline microporosity is most ubiquitous in the Middle 
Member where it effects ~90% of all magnesian dolomite rhombs. Intercrystalline porosity in 
secondary cements is most prevalent where ferroan dolomite rims have been partially to 
completely dissolved (Figure 14C), and additionally, where magnesian dolomite rhombs have 
been completely dissolved (Figure 14D). Dolomite intercrystalline porosity is most common in 
the upper 2-3m of the Middle Member, and less commonly in the Upper and Lower Members. 
Intercrystalline porosity related to the dissolution of ferroan dolomite rims occurs in ~25% of 
samples, while intercrystalline porosity related to the dissolution of magnesian dolomite rhombs 
occurs in < 5% of samples. 
Fracture Porosity: 
 Multiple fracture types with differing orientations and scales occur within the Sappington 
Formation. Horizontal to sub-horizontal fractures are typically open (Figure 15), while vertical to 
sub-vertical fractures are typically filled with cement. Horizontal fracture sets typically contain 
numerous, smaller microfractures, while vertical fractures typically display one defined fracture. 
 Horizontal fractures exist as open fractures with porosity preserved (Figure 15). 
Microfractures commonly splay off the main fracture, or exist within close relation to the main 
fracture, are commonly open, and in some instances are filled with hydrocarbons (Figure 15C, 
15D). Horizontal fractures are most prevalent in the Middle Member in samples with high 
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dolomite contents, but are present in the Lower and Upper Members. Horizontal to sub-
horizontal fractures are present in ~40% of samples. 
 Vertical fractures are filled with cement and display no preserved porosity. In the Middle 
Member the fractures are commonly filled with calcite cement, and sulfide minerals in the Lower 
Member. The area directly surrounding the fractures does not appear to contain an alteration 
halo. Vertical fractures are most common in the upper Middle Member and are present in ~15% 
of samples. These fractures cross-cut the horizontal to sub-horizontal fractures and likely formed 
in a later stage of fracture generation. 
  
Basin Model: 
 A one-dimensional basin model was constructed for a pseudo-well in the Bridger Range, 
Montana. Combining stratigraphic thickness, heat flow, water depth, and SWI temperature 
(Table 2), a burial history of the basin was reconstructed (Figure 16).  
Stratigraphy:  
The Sappington Formation was deposited unconformably above the Late Devonian Three 
Forks Formation in a portion of the Central Montana Trough during the Late Devonian-Early 
Mississippian. Sea level was driven by fluctuations in southern hemisphere glaciation and 
resulted in a series of transgressive-regressive cycles (Johnson et al., 1985), while subsidence 
was created through the reactivation of deep-seated basement lineaments during the onset of the 
Antler Orogeny (Dorobrek et al., 1991). In the Early to Middle-Mississippian, southern 
hemisphere glaciation waned, sea level transgressed and became more stable (Johnson and 
Sandberg, 1988), resulting in deposition of the Madison Group carbonate sequence across much 
of Montana (Andrichuk, 1955). In the Middle-Mississippian through Pennsylvanian, the 
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emergence of the Ancestral Rocky Mountains to the south resulted in local uplift in Montana 
(Maughan and Roberts, 1967; Maughan, 1984), combined with sea level regression (Veevers and 
Powell, 1987), resulted in a decrease in carbonate sedimentation and an increase in siliciclastic 
input during the deposition of the Big Snowy Group, Amsden, and Quadrant Formations 
(Peterson, 1981).  
Permian through Middle-Jurassic time marks a period of long basin quiescence (~140 
M.Y.) as uplift resulted in erosion or non-deposition of sediments in a large portion of the 
Central Montana Trough (Maughan and Roberts, 1967; Peterson, 1981). Global transgression in 
the Late-Jurassic through Early-Cretaceous (Haq et al., 1988), combined with subsidence related 
to the onset of subduction on the western coast of North America, resulted in the deposition of 
the Ellis Group and the Morrison Formations (Fuentes et al., 2011). Global regression and 
waning tectonic activity in the Early Cretaceous caused the shallow sea to retreat, resulting in a 
hiatus in sedimentation until the onset of the Sevier Orogeny and deposition of the Kootenai 
Formation later in the Early Cretaceous (Decelles, 1986). As subsidence related to the Sevier 
Orogeny continued, and sea level transgressed into the Middle Cretaceous (Haq et al., 1988), the 
basin rapidly subsided and the Colorado Group and Eagle Formations were deposited (Cobban et 
al., 1959). As the Sevier Orogeny continued into the Late Cretaceous and Early Paleocene, 
sediment shed from the Sevier deformation front was deposited across Montana, resulting in 
thick accumulations of the Livingston Group and Fort Union Formations (Dickinson et al., 
1988). Sedimentation ceased in the Paleocene when the Bridger Range was uplifted along the 
western flank of the Bridger anticline (Lageson, 1989).  
Burial History and Heat Flux: 
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The aerial temperature of the Sappington basin during the Late Devonian is estimated to 
be ~23°C (Wygrala, 1989) from the equatorial position of Montana at the time of deposition. 
Heat flow in the Late Devonian was 60 mW/m2, which is attributed to upwelling of the mantle 
under the stable craton during continent assembly during the Late Devonian and Early 
Mississippian (Osadetz et al., 2002). High heat flow continued and resulted in an further increase 
to 70 mW/m2 in the Late Pennsylvanian, before decreasing to 45 mW/m2 in the Early Triassic, 
where it remained until uplift (Osadetz et al., 2002).  
Prior to uplift, the Sappington Formation was buried to a depth of ~3,600m. The high 
heat flow during the Paleozoic caused an early thermal maximum to be reached around the 
Permian-Triassic boundary where the temperature in the Middle Member was ~70°C. 
Quiescence and uplift in the Permian to Middle Jurassic, combined with a decrease in heat flow, 
resulted in a temperature decrease to ~50°C prior to deposition of the Ellis Group. Increased 
burial in the Jurassic caused temperatures to again exceed 70°C, before rapid burial in the 
Cretaceous resulted in a maximum temperature of ~115°C to be reached. This modeled value 
closely corresponds to the measured Tmax pyrolysis value of 440°C (%Ro 0.76).  
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VI. Discussion 
	
Paragenesis:  
Diagenetic alterations were broken into three different phases based on related mineral 
compositions: (i) early eogenesis; (ii) middle to late eogenesis; (iii) mesogenesis.  These three 
phases describe the timing and variations of diagenetic alterations in the Sappington Formation 
(Figures 17, 18, 19).  
Early Eogenesis: 
	
Early eogenetic events describe alterations that took place in burial depths of less than 
two kilometers and temperatures less than 70° C.  Early eogenetic events include detrital feldspar 
dissolution, quartz cementation, and clay cementation and rimming. These early events are 
related to the dissolution of detrital potassium feldspar in a closed system where the dissolved 
feldspar ions were re-precipitated as more stable, authigenic phases, and are representative of a 
normal diagenetic pathway of sandstones (Surdam et al., 1989).  
The presence of clay cement along cleavage planes of feldspar grains, evidence of 
secondary porosity created at the expense of feldspar, and the negative correlation of feldspar 
with diagenetic phases suggest significant amounts of feldspar dissolution occurred. Dissolution 
was initiated in early eogeneisis during the hiatus in deposition between the Middle Member and 
the Upper Member as the system prograded into the basin, causing meteoric water to influx into 
the Middle Member as the basin filled. Dissolution continued into middle eogenesis in slightly 
more acidic conditions that are typical during increased burial as the partial pressure of CO2 
increases forming carbonic acid (H2CO3) (Smith and Ehrenberg, 1989).   
Quartz overgrowths and illite coatings are the result of the re-precipitation of feldspar 
into more stable phases. This mass transfer given by Equation 5: 
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3KAlSi3O8 + 2H+ = KAl3Si3O10(OH)2 +6SiO2 + H2O    Equation (5) 
Where potassium feldspar (KAlSi3O8) is dissolved and illite (KAl3Si3O10(OH)2) and quartz 
(SiO2) are precipitated. Illite coatings are found on quartz overgrowths, suggesting that 
overgrowths formed first. Given that the two phases were sourced from the same reaction, illite 
began nucleating on the remnants of the detrital feldspar grains, while the silica began nucleating 
on the surface of the detrital quartz grains. As the system progressed, and more feldspar was 
dissolved and put into solution, illite was precipitated on the overgrowths while the silica was 
distributed along grain-to-grain contacts of quartz grains where the highest amounts of quartz 
cement occur, and where illite precipitated, quartz overgrowth formation ceased. There is no 
evidence for late-stage quartz cement, suggesting that illite was precipitated as the primary 
authigenic phase and is not a product of higher temperature clay transformation reactions in the 
Middle Member.  
Middle to Late Eogenesis: 
	
Middle to late eogenetic events describe alterations that took place in burial depths less 
than 2 kilometers and temperatures less than 70°C.  Middle diagenetic events include magnesian 
dolomite precipitation, and magnesian dolomite dissolution. 
Early magnesian dolomite formed under reduced conditions during burial diagenesis in 
pore waters enriched with magnesium with respect to calcium (e.g. Mg/Ca > 1). Magnesium for 
this reaction was likely from the underlying Three Forks, and possibly Jefferson Formation, both 
of which are rich in dolomite. This relationship is displayed in the magnesium concentrations of 
dolomite cores (Figure 11), where magnesium concentrations are highest in the proximal 
locations and within close proximity to the Three Forks Formation (i.e. lower stratigraphically).  
In the proximal locations the Lower Member drastically thins (< 1m thick), allowing the Middle 
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Member and underlying formations to be in connection during diagenesis. These fluids migrated 
basinward and decreased in magnesium content as they formed dolomite during migration. 
Dolomite dissolution occurred directly after magnesian dolomite precipitation in acidic pore 
waters. 
Magnesian dolomite formed after compaction in secondary pore space created from 
feldspar dissolution. The cloudy crystals and euhedral shape of magnesian dolomite rhombs 
suggest that the dolomite crystals formed early in the diagenetic history in open pores and in 
temperatures less than 60° C (Sibley and Gregg, 1987). Timing of formation is constrained 
through lack of dolomite pressure solution (stylolites), the replacement of quartz overgrowths by 
magnesian dolomite, the inclusions of illite and dissolved detrital feldspar in dolomite rhombs, 
and dolomite strictly filling secondary pores. This series of cross-cutting relationships constrains 
dolomite formation as a burial diagenetic phase. 
Dissolution of magnesian dolomite is caused by an increase in acidity during eogenesis. 
Through basin reconstruction it is evident that the Sappington Formation reached an early 
thermal maximum during the Permian-Triassic boundary, where temperatures reached ~70°C 
(Figure 18). Organic acids are most abundant in pore waters between 60° and 80°C (Surdam et 
al., 1989), suggesting that organic matter in the shales began undergoing maturation, releasing 
carboxylic acids and carbon dioxide into the pore waters of the Middle Member. The increase in 
acidity dissolved the outer most rim of magnesian dolomites, and moved along crystal 
boundaries of the inner rims to create secondary, intracrystalline micropores within magnesian 
dolomite rhombs. 
Mesogenesis: 
	
	 35	
 Mesogenetic events describe alterations that took place in burial depths greater than 2 
kilometers and temperatures between than 50°-115°C.  Mesogenetic events include zoned 
ferroan dolomite rims, ferroan dolomite rhombs, ferroan and magnesian dolomite dissolution, 
calcite cementation, pyrite precipitation, and hydrocarbon generation. The shift from magnesian 
to ferroan dolomite was caused by the transformation of clay minerals in the Lower and Upper 
Members, releasing iron ions, among other ions, into the Middle Member. Dolomite dissolution 
was controlled by organic acids that were released as temperatures elevated. Calcite and pyrite 
cement were the stable phases after magnesium had been incorporated into earlier dolomite 
phases and represent late stage precipitates. Hydrocarbons were expelled prior to uplift and 
ended diagenesis. 
 Ferroan dolomite became the stable phase as iron was released during the transformation 
of clay minerals in the Lower and Upper Members. Beginning at 60°C smectite, and other 
expandable clays, will become more ordered and transform to illite (Boles and Franks, 1979). 
This reaction can be described by equation 6: 
 4.5 K+ + 8 Al 3+ + KNaCa2Mg4Fe4Al14Si38O100(OH)20 10 H2O = K5.5Mg2Fe1.5Al22Si35O100(OH)20 
+ Na+ + 2 Ca2+ + 2.5 Fe3+ + 2 Mg2+ + 3 Si4+ + 10 H2O    Equation (6) 
Where smectite, in the presence of potassium and aluminum will transform into illite, releasing 
sodium, calcium, ferrous iron, magnesium, silicon, and water. This suite of elements mixed with 
the pore waters and precipitated ferroan dolomite at temperatures ~70°C. This relationship is 
displayed in the iron concentrations of the ferroan dolomite rims, where the more distal locations 
have a higher amount of iron than the proximal locations (Figure 13). This is a product of the 
discrepancy in thickness of clay-rich facies in the Lower and Upper Members. Where the distal 
locations have a much thicker accumulation than the more proximal locations. This resulted in a 
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higher amount of iron being incorporated into the dolomite structure in the distal locations where 
iron concentrations were higher. 
Similar to the first stage of dolomite dissolution, organic acids related to the maturation 
of organic material in the Upper and Lower Members caused a second stage of dolomite 
dissolution. Rapid burial in the Cretaceous, caused the Sappington Formation to be subjected to 
temperatures >80°C, resulting in a second stage of organic acids being generated. This caused a 
second stage of dolomite dissolution, creating intercystallline and intracrystalline porosity within 
ferroan dolomite rims and within the magnesian dolomite rhombs.  
Calcite became the stable phase following dolomite dissolution. The organic acids were 
buffered by calcium and magnesium released during dolomite dissolution, and the system 
became alkaline. Given that much of the magnesium had been taken up in previous reactions, the 
magnesium to calcite ratio moved into the calcite stability field (Mg/Ca < 1) and calcite cement 
was precipitated. As presented above, the distal outcrop locations most commonly display pore-
filling calcite cement on the outer extent of earlier zoned dolomites, where the proximal outcrop 
locations display a dolomite replacive cement. Similar to the differences in ferroan dolomite 
concentrations, this relationship is a product of the accumulation of clay-rich facies in the distal 
parts of the basin. The distal locations had a higher amount of ions released into the Middle 
Member during clay transformation, thus ferroan dolomite was able to form for a longer period 
of time, inhibiting calcite cement forming at the expense of dolomite, and resulting in the 
formation of pore-filling calcite. The proximal locations had a lower amount of ions released 
causing calcite to form at the expense of dolomite and formed the replacive dolomite texture. 
These late stage cements commonly occur with pyrite, and given that pyrite requires reduced 
iron, the precipitation of late-stage calcite cement likely formed in reducing conditions. 
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 Pyrite Aside from the phase related to calcite cement, pyrite was also stable during other 
diagenetic conditions. Pyrite is commonly found in secondary pores on the outer rims of ferroan 
dolomite. Additionally, detrital carbonate grains in the lower Middle Member have been replaced 
by pyrite. Given that this is a late stage alteration, the likely source for reduced iron is from iron 
sulfide minerals present in the Lower and Upper Members. The iron from those minerals was 
mobilized in organic acid solutions at temperatures approaching 100°C and were redistributed 
into the Middle Member.  
 At temperatures >80°C liquid hydrocarbons began being generated. Organic matter in the 
Sappington Formation is Type II, with small amount of both Type I and Type III (Table 3). This 
suggests that the dominant phase of hydrocarbon generated was oil, with minor amounts of 
natural gas. On the basis of the basin model, generation of hydrocarbons occurred in the late 
Cretaceous in burial depths greater than 3km and were expelled at the end of the mesogenesis 
phase. 
Summary:  
The diagenetic sequence describes three main phases of fluid histories: (i) early eogenesis 
where the system dominated by siliciclastic phases; (ii) middle to late eogenesis where the 
system was dominated by carbonate phases; (iii) mesogenesis where the system was dominated 
by reducing conditions and multiple carbonate phases.  
	
Dolomitization: 
 As introduced above, dolomite can form through a variety of complex ways, and in a 
variety of spatial and temporal settings and scales, but details of application to the Sappington 
Formation were left undiscussed. Below, the different models are discussed in terms of 
application to the Sappington Formation.  
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Sabkha Dolomite: 
Modern dolomite formation in sabkha sequences is associated with evaporitic minerals, 
restricted environmental conditions, and tidally influenced depositional facies (e.g. Patterson and 
Kinsman, 1982; Warren, 1991; Wenk et al., 1993). The Sappington Formation does not exhibit 
any of these features and was deposited in normal marine conditions, making this an unlikely 
source for dolomite. Conversely, the underlying Three Forks Formation contains abundant 
anhydrite and tidal facies (Sandberg, 1962), therefore, this may be a viable mechanism for 
dolomitization in the underlying Three Forks Formation. 
Normal Sea Water Dolomite: 
 This model has been applied to dolomitization of primary carbonate sequences (e.g. 
Land, 1985; Mazzullo et al., 1995), but application to a clastic dominated system follows similar 
principles. The modern example depicts primary dolomite forming on the surface of carbonate 
precursors, suggesting that it is not a replacive cement. Therefore, given a site to nucleate, 
dolomite could precipitate as an early cement in clastic systems, as shown along flooding 
surfaces in clastic systems (e.g. Taylor et al., 1995). Flooding surfaces provide the stable 
hydrologic conditions necessary for dolomite formation, and thus are commonly the sites of 
dolomite formation in clastic rocks. The Sappington Formation does not display these laterally 
persistent dolomite patches, instead nearly the entire section is dolomitized. Some of the 
dolomite may be sourced from early dolomite formation along flooding surfaces, but the 
majority of dolomitization was likely not sourced directly from seawater. 
Brine Reflux Dolomite: 
Similar to the last model, ancient reflux examples have been applied to platform 
carbonates (Adams and Rhodes, 1960; Shields and Brady, 1995), but no ancient clastic shelf 
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model exists. However, applying the basic principles from the carbonate shelf, it is feasible, 
given the right fluid chemistry and basin configuration, to dolomitize a clastic shelf in a similar 
manner to a carbonate shelf. However, given the lack of evaporitic facies and minerals 
recognized in the Sappington Formation, this is an unlikely candidate for dolomitization. 
Conversely, as mentioned previously, the underlying Three Forks contains abundant anhydrite, 
and this may be a viable method of dolomitization there.  
Mixing Zone Dolomite: 
This model has very few ancient applications, and no modern analogues. The systems 
that it has been applied to have had some dolomite or limestone precursor in which dolomite can 
nucleate on (e.g. Cander, 1994). Therefore, application to a clastic shelf is purely theoretical. 
Given the proper hydrologic conditions, with correct saturation states to dolomite (e.g. Mg or 
Fe/Ca ratios), dolomite could precipitate in zones of meteoric and marine water mixing. The 
Sappington Formation is purely a marine unit with no evidence of subaerial exposure. However, 
through conodont dating, it is evident that a depositional hiatus between the Middle Member and 
the Upper Member of ~2 million years (Klapper, 1966; Huber, 1983; Hayes, 1985; Karma, 1991; 
Savoy and Harris, 1993; Kaufmann, 2006; Johnston et al., 2010). During this time, it is possible 
that meteoric water infiltrated into the Sappington Formation as the basin filled and mixed with 
the connate water present after deposition. As discussed above, Devonian seas were depleted 
with respect to Mg2+, so unless the Sappington Basin was locally enriched with Mg2+, the mixing 
of the two water bodies would not be in the dolomite stability field, making this an unlikely 
candidate for dolomite formation. 
Bacterial Mediated Dolomite: 
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The lagoonal environments in which dolomite is observed to be precipitating in this 
model are discontinuous and require very specific conditions for stability of sulfate reducing 
bacteria (Vasconcelos and McKenzie, 1997). The Sappington Formation shales show similar 
lithologies to the lagoonal deposits (e.g. organic-rich mudstones), and sulfate bacteria may have 
been present given the presence of framboidal pyrite, but the stable hyodrologic conditions that 
the bacteria thrive in were likely not present in the shale depositional environments. However, 
these organisms may have been stable in more complex environments in Earth’s early history 
(Warthmann et al., 2000). The dolomite in the shales is typically euhedral, and much larger than 
the spheroidal, nano-scale dolomite formed in these environments. The Middle Member facies 
do not show any evidence of bacterial influence, making this an unlikely model for the complete 
dolomitization of the Middle Member. 
Burial Dolomite: 
 This model has not been applied to a clastic shelf, but it is theoretically feasible to be a 
source of dolomite in the Sappington Formation. Following the depositional hiatus between the 
Middle and Upper Members, feldspar was dissolved creating open secondary pores. As burial 
and diagenesis progressed, this secondary pore space was preserved and the system became 
alkaline. An influx of Mg2+-rich pore water from the underlying dolomite-rich formations (e.g. 
Three Forks and Jefferson) moved the system into the stability field of dolomite. At higher 
temperatures, as the shales underwent the illite-smectite transition, Fe2+, Mg2+, and Ca2+ were 
released into the Middle Member. Fe2+ will readily substitute into the dolomite crystal structure 
given a high enough concentration. This model can explain the occurrence and distribution of 
dolomite in the Sappington Formation. 
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Porosity:  
 Porosity in the Sappington Formation is largely secondary, created from the dissolution 
of detrital and diagenetic mineral phases. Dissolution of detrital phases was largely potassium 
feldspar under early diagenetic conditions (Figure 14A, 14B). Later, higher temperature 
diagenetic conditions dissolved magnesian and ferroan dolomite crystals (Figure 14C, 14D). 
 Dissolution of potassium feldspar occurred shortly after deposition in solutions with ionic 
concentrations close to that of meteoric water. As the system progressed basinward during the 
deposition of the Middle Member, a coinciding flux in meteoric water began to progress 
basinward with sea level fall. The hiatus in deposition between the Upper Member and Middle 
Member occurred for ~2 million years (Figure 3), allowing ample time for meteoric water to 
infiltrate into the system. 
 The secondary pores created during feldspar dissolution have been subsequently filled 
with later diagenetic stages. Euhedral dolomite crystals are typically found filling these pores, 
providing the open space needed for dolomite rhombs to grow. Examples of this moldic porosity 
is preserved in intervals within the Middle Member at the NC outcrop locality. Here, there is 
little to no dolomite, and the secondary pore network created during feldspar dissolution is 
preserved (Figure 14A). 
 Later, higher temperature dissolution events are related to the maturation of organic 
matter in the Upper and Lower Members and effect diagenetic carbonate phases. Dissolution of 
dolomite crystals occurred in two discrete events: one during middle diagenesis, effecting 
magnesian dolomite crystals, and a second during late diagenesis, effecting ferroan and 
magnesian dolomite crystals.  
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Magnesian dolomite crystals formed prior to basin uplift in the Permian in temperatures 
>70°C (Figure 18). The thermal maximum reached prior to uplift was great enough to mature the 
organic matter in the shale, releasing organic acids into the Middle Member, dissolving 
magnesian dolomite rhombs. This corroded the outer extents of the magnesian and ferroan 
dolomite phases, and created the intracrystalline porosity within the magnesian dolomite rhombs. 
Intracrystalline porosity is highest at the NC and HP outcrop localities, which coincides with the 
higher amount of TOC present at those outcrops. 
Ferroan dolomite crystals formed in the Late Jurassic to Early Cretaceous as global 
transgression, combined with the onset of the Sevier Orogeny, introduced a large amount of 
overburden into the Central Montana Trough. The increased subsidence led to temperatures in 
the Sappington Formation elevated to >80°C for a sustained period of time, and again the shales 
released organic acids into the Middle Member, creating intracrystalline porosity within ferroan 
dolomite rims, and moldic porosity where the rims were completely dissolved. This event also 
created moldic porosity within magnesian dolomite rhombs, where dolomite crystals were 
completely dissolved. 
The secondary pores related to dolomite dissolutions are filled with later-stage calcite 
cement, and more rarely, liquid hydrocarbons. Late-stage calcite cement fills the moldic pores of 
ferroan dolomite rims and the intracrystalline pores where rims were not completely dissolved. 
Liquid hydrocarbons fill intracrystalline pores in magnesian dolomite crystals in the Middle 
Member, and moldic pores of dissolved dolomite rhombs in the Upper and Lower Members. 
Some pores remain as open and are not filled with later diagenetic phases.  
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Controlling Mechanisms: 
The spatial and temporal distribution of diagenetic phases is controlled by numerous 
parameters that control precipitation at different times in the paragenetic sequence. Early, 
eogenetic alterations are heavily controlled by depositional environments, detrital composition, 
and climate. Later stage mesogenetic alterations are less dependent on the primary depositional 
environment, and are more influenced by temperature, pressure, and the chemistry of the basinal 
brines. Telogenetic alterations during uplift and erosional events can introduce meteoric water 
into the subsurface and alter diagenetic phases. Understanding the distribution of these phases 
both spatially, and temporally is essential in unraveling the paragenetic sequence.   
Intrinsic Factors: 
	
 The most heavily altered intervals in the Sappington Formation contain the coarsest 
grains, and the highest amounts of detrital feldspar. Therefore, understanding the distribution of 
grain size and composition within a depositional and sequence stratigraphic framework is 
essential to unraveling the paragenetic sequence. The facies referred to here are from Phelps, 
2015 (Table 1). 
 The size of detrital grains controls the amount of primary porosity present in siliciclastic 
sediments. A medium-grained sandstone will contain more primary porosity than a coarse 
siltstone if the detrital components are the same. However, the higher amount of primary 
porosity coincides with greater fluid flow those intervals, resulting in the sediment being more 
susceptible to diagenetic alterations. This relationship is evident in the Sappington Formation, 
where the proximal outcrop localities at SP and RP contain coarser grain sizes, and more 
diagenetic alterations, than the more distal outcrop localities at HP and NC.  
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The highest concentrations of detrital feldspar grains are in the most proximal outcrop 
localities of SP and RP, with decreasing feldspar content to the more distal outcrop localities of 
HP and NC. This relationship is related to the instability of feldspar as it is transported. The 
further away from the source of the sediment, the less feldspar will be present. As discussed 
previously, feldspar is unstable under diagenetic conditions and readily dissolved to form a 
secondary pore network that was filled with later diagenetic stages. Therefore, the intervals that 
contained more detrital feldspar after deposition contain more diagenetic alteration than the 
intervals that contained less. 
 The depositional facies of the Sappington Formation contain various grain sizes and 
compositions, and resultant differences in diagenetic alterations. The coarsest grained, and most 
altered facies is the convoluted, dolomitic sandstone (Facies 10) with grain sizes approaching 
fine sand (~120µm), a feldspar content averaging 7.2%, and a dolomite content averaging 56.9%. 
Conversely, the finer grained, less altered combined flow, dolomitic siltstone (Facies 8) has an 
average grain size of coarse silt (~60µm), a feldspar content averaging 5.7%, and a dolomite 
content averaging 44.3%. The difference in detrital grain size and composition between the two 
facies resulted in the coarser grained facies, more feldspathic facies being more altered than the 
finer grained, less feldspathic facies. 
 Sequence stratigraphy is a key control in the distribution of grain size, composition, 
depositional facies, and reservoir connectivity, therefore influencing the distribution of 
diagenetic phases. The clinoformal geometries identified by Phelps (2015) display relationships 
to the distribution of diagenetic minerals in the Middle Member (Figure 20). This relationship is 
most evident in the upper portion of the Middle Member, above the surface of forced regression. 
Here, the system moved into a falling-stage system tract, resulting from base level fall, and 
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rapidly shifted the system basinward. This caused high-angle clinoforms to form and brought 
higher-energy conditions further into the basin. Fluid flow along the clinoforms was 
concentrated at the basal surface of forced regression, and at the toe of the clinoforms where the 
geometry pinches out. This relationship is depicted by the higher dolomite content present along 
the regressive boundary, and at the toe of clinoforms, with lower dolomite concentrations present 
along the boundary of two clinoforms (Figure 20). Clinoform boundaries can act as baffles to 
fluid flow in reservoirs due to the difference in grain size between sedimentary bodies (Sech et 
al., 2009; Enge and Howell, 2010), and thus the distribution of diagenetic minerals across those 
boundaries is also affected. 
 The structural geology in the Bridger Range is complex. Many of the faults that uplifted 
the range have been active since the Proterozoic, and throughout the Phanerozoic (Lageson, 
1989). These structural features have controls on diagenesis across the Range. At PG the 
dolomite content is the highest observed across the Range. In cross-section is apparent that this 
outcrop is in close proximity to the Pass Thrust Fault. Magnesium-rich fluid flow from the 
underlying Three Forks Formation has been concentrated along this fault zone and led to the 
anomalously high dolomite content along the deformation zone (Figure 20). Additionally, the 
fluids that were transmitted along this fault progressed basinward after migrating upward along 
the fault. Figure 20 depicts the increase in dolomite content basinward from the fault, while the 
sections more landward are less influenced by the migration of fluids. 
Extrinsic Factors: 
	
 Given that the Sappington Formation was largely sourced by siliciclastic material, the 
carbonate cements that comprise a majority of the mineralogy must have been externally 
sourced. The large amount of carbonate phases found in the Middle Member suggest that the 
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fluid chemistry following early eogenesis was dominated by alkaline solutions conducive to 
dolomite formation. Dolomite is present in every facies, and at every outcrop locality in the 
Bridger Range. Other authors (Nagase et al., 2014) noted its occurrence on a regional scale 
across Central Montana, suggesting a regionally controlled source of formation.  
Early diagenetic events were sourced from reactions related to the dissolution of detrital 
feldspar and representative of a closed system, where ions released during dissolution are 
precipitated as other phases. Later diagenetic events occurred in an open system, where ions 
where sourced from connection with the underlying formations. Pore water from the underlying 
Three Forks Formation was the main source of dolomite forming fluids for the Sappington 
Formation. Mg-rich brines were sourced from more proximal basinal positions, where the Lower 
Member drastically thins, and flowed into the basin centers, dolomitizing along the way. This 
relationship has been documented in stable isotope signatures in the time-equivalent Bakken 
Formation in Manitoba, Canada. Karasinski, (2006) noted similar δ13C and δ18O signatures in 
dolomite cement between the two formations and concluded that the two were in connection 
during diagenesis. 
 Euhedral dolomite crystals form in temperatures > 50-60°C and require time to form 
planar crystal boundaries (Sibley and Gregg, 1987). This suggests that the dolomite cement in 
the Sappington Formation was precipitated from low to medium temperature fluids that had a 
long resonance time in the basin. As presented above, there was a long period of quiescence in 
the late Paleozoic into the early Jurassic. This provided hydrologic stability for ~140 M.Y. 
allowing euhedral dolomite crystals to form. Following the period of quiescence, burial depths 
became deep enough to begin converting mixed layer clays into more ordered, illitic minerals, 
which provided the constituents for ferroan dolomite to form at elevated temperatures.   
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 Secondary porosity formation (e.g. dissolution of dolomite) is controlled by the thickness 
and TOC content of the Upper and Lower Members. The basinward sections of HP and NC 
display a higher amount of dolomite dissolution than the landward SP and RP sections, and have 
thicker shale accumulations with higher TOC. The Upper Member at NC is 1.19m thick with a 
maximum TOC of 5.18%, conversely the Upper Member at SP is 1.09m thick with a maximum 
TOC of 1.5%. Similarly, the Lower Member at NC is 3.46m thick with a maximum TOC of 
14.8%, while at SP the Lower Member is .65m thick with a maximum TOC of 6.11%. This 
contrast in organic accumulation led to a higher amount of dolomite dissolution in the basinward 
sections and lower amounts in the landward sections. 
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VII. Implications for The Bakken Formation 
	
 The total Bakken Petroleum System (BPS) of the Williston Basin includes the Bakken 
Formation, Three Forks Formation, and the Lower Lodgepole Formation. A recent assessment 
has estimated that this system holds 7.4 billion barrels of oil, 6.7 trillion feet of natural gas, and 
0.53 billion barrels of natural gas liquids (Gaswirth et al., 2013). Production from the BPS was as 
high as 1.2 million barrels of oil equivalent a day in 2015 (North Dakota NMR, 2016), making it 
one of the most productive petroleum systems in the United States. Production values have since 
dropped off with the steep decline in crude prices over the last year, creating a need for a better 
understanding of the geologic controls on hydrocarbon occurrence throughout the system. 
 A majority of production in the Williston Basin utilizes the techniques of horizontal 
drilling and hydraulic fracturing to increase the permeability of the rock around the well bore. To 
date, production values in these wells is highly variable and what controls the variability is not 
well understood (Theloy and Sonnenberg, 2013). Geologic factors control not only the 
occurrence and accumulation of hydrocarbons, but also impact the way that hydraulic fractures 
form in the subsurface. A more complete understanding of the geologic controls and 
heterogeneity in the Bakken Formation will aid in exploration and development strategies in the 
Williston Basin. 
 The Sappington Formation in Montana provides an opportunity to observe time-
equivalent strata at the surface, in a basin that underwent very similar diagenetic and burial 
histories. The mineralogy of both formations is strikingly similar, with detrital grains being 
largely quartz and feldspar, and a majority of the diagenetic mineralogy being dolomite. 
Pitmann, et al. (2001) noted a very similar diagenetic sequence for the Bakken as found in the 
Sappington (Figure 17), and found euhedral, zoned dolomite crystals that contain a magnesian 
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core and ferroan rims (Figure 21), suggesting that they formed in open pore space. Furthermore, 
Olajide and Bend, 2014 document a burial history very similar to that of the Sappington (Figure 
21). To this end, the Sappington Formation underwent a very similar diagenetic history and thus 
provides the exposures necessary to quantify the geologic heterogeneities in the Bakken 
Formation. 
Integrating diagenesis with sedimentology, depositional facies, and sequence stratigraphy 
from extensive outcrop studies of the Sappington Formation the Bridger Range has identified 
controlling mechanisms on timing and distribution of diagenetic phases across the study area. In 
particular, the distribution, and secondary dissolution, of dolomite is not homogeneous across the 
range. The coarser framework grains contained more primary porosity, and were thus more 
susceptible to secondary alterations, therefore the proximal coarser grained outcrops contain 
lower reservoir quality than the distal, finer grained outcrops. Additionally, the higher TOC 
content of the Upper and Lower Members in the distal extents of the basin created more 
secondary porosity than in the proximal outcrops. The less pervasive cementing, combined with 
the higher degree of dissolution, is representative of the average dolomite content between the 
two basinal positions. This relationship is shown between the NC and SP outcrops, where the NC 
samples displays a lower dolomite content with smaller dolomite crystals with secondary, inter-
crystalline porosity where the SP samples contains more dolomite and larger dolomite crystals 
that are relatively unaltered. 
 Structural features in the Bridger Range also have significant controls on diagenetic 
alterations. The PG outcrop shows potential syn-tectonic sedimentation in the Upper Member, 
and is in close proximity to the Pass Thrust Fault. The structural complexity here also coincides 
with the highest amount of secondary alteration found in the study area, with diagenetic 
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components comprising an average of 65.1% of the bulk mineralogy. The structural complexity 
provided a conduit for fluid flow from the underlying Three Forks Formation, causing diagenesis 
to be more pervasive in this area. Intervals around well-developed basement faults in the 
Williston Basin may exhibit a similar relationship as seen in the Sappington Formation causing 
intervals to be heavily dolomitized, and thus have lower reservoir quality. 
 Combining the variations in the diagenetic phases with the heterogeneities in depositional 
facies, it quickly becomes obvious why the Bakken Formation has such anomalous production 
values. Results from Phelps, 2015 showed that 148 different facies associations would be 
experienced along a 10,000-foot lateral well in the Sappington Formation. The variations in 
diagenetic alterations along that same well would be just as drastic. Calcite and dolomite cement 
in samples from the same stratigraphic level in the SP outcrop transect are highly variable, with 
dolomite contents between 0.5% and 54.3%, and calcite contents between 0% and 54.9%. This 
variability closely aligns with the clinoformal architecture present in the upper Middle Member 
(Figure 20), suggesting potential reservoir compartmentalization between clinoforms. 
Understanding the relationship between the sedimentary body architecture and diagenetic 
alterations is essential in development in the subsurface in the Williston Basin. 
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IX. Figures and Tables: 
	
	
 
Figure 1: (A) Location map of study area (red box) in southwestern Montana with reference to 
northwestern United States geography overlain on terrain map of western United States (B) 
Terrain map of study area in the Bridger Range, southwestern Montana. Black dots represent 
outcrop locations across the range. NC= North Cottonwood; HP= Hardscrabble Peak; DC= Dry 
Canyon; PG= Potter’s Gulch; RP= Ross Peak; SP= Saddle Peak 
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Figure 2: Paleogeographic reconstruction of Montana during Late Devonian to Upper 
Mississippian time with major structural lineaments shown as black lines (Modified from: 
Sandberg, 1965, Dorobrek, et al. 1991, Blakey, 2005, Anna, et al., 2010, Nagase, et al., 2014). 
The Sappington Basin was bounded by the Central Montana Uplift (CMU) to the north, the 
Beartooth Shelf (BTS) to the south, and the Central Montana Trough (CMT) to the east. These 
basin boundaries separated the Sappington Basin from the Exshaw Basin to the north, the 
Cottonwood Canyon Basin to the south, and the Williston Basin to the east. The paleo-
topographic highs that define the basin boundaries closely correlate with major structural NE-
SW and NW-SE lineaments across Montana, particularly the Jocko (JL), Garnet (GL), Townsend 
(TL), and Perry (PL) Lines of Winston, 1986. These structural lineaments may have been 
reactivated during the Late Devonian during the onset of the Antler Orogeny, forming the 
complex basin arrangement. 
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Figure 3: Biostratigraphic and lithologic correlation of the Late Devonian-Early Mississippian 
Formations found in Montana, North Dakota, Wyoming, and Alberta. Data compiled from: 
Klapper, 1966; Huber, 1983; Hayes, 1985; Karma, 1991; Savoy and Harris, 1993; Kaufmann, 
2006; Johnston et al., 2010. Correlation shows similar lithologies and time-equivlance between 
the Sappington Formation, Bakken Formation, Exshaw Formation, and the Cottonwood Canyon 
Member of the Lodgepole Formation. The Sappington Formation unconformably overlies the 
Three Forks Formation designated by the missing postera zones, with additional unconformities 
between the Lower Shale and Middle Member and the Middle Member and the Upper Shale, 
designated by missing expansa, and sulcata zones, respectively. 
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Figure 4: Type log of the Sappington Formation at the North Cottonwood outcrop location. 
Tracks from left to right represent generalized lithology, gamma ray from outcrop measurement, 
bulk mineralogy, total organic content (TOC), and sequence stratigraphic interpretation. Bulk 
mineralogy bars refer to the color scheme for each mineral noted in the key to the bottom right. 
Sequence stratigraphic surfaces from Nagase et al., 2014, and Phelps, 2015. 
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Figure 5: Diagram displaying the stability field of calcite and dolomite with respect to the Mg/Ca 
ratio and salinity. Fields are representative of where natural waters plot with respect to the two 
variables. Note that typically most waters have an increased Ca/Mg ratio and few waters plot 
within the stability field of dolomite. It is most easily achieved to mix two bodies of water to 
raise to Mg/Ca ratio into the dolomite stability field. The blue star depicts the concentration of 
modern seawater, while the orange star is representative of Late Devonian sea water. Modified 
from Folk and Land, 1975. 
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Figure 6: Seawater chemistry and stable carbonate phases throughout the Phanerozoic (from 
Hardie, 1996)). In seawater with a Mg/Ca ratio below 2 calcite is the stable carbonate precipitate 
(shaded orange), while values over 2 aragonite and high-Mg calcite are the stable phases (shaded 
blue). Deposition of the Sappington Formation occurred in seawater where calcite was the stable 
phase, at the Devonian-Mississippian boundary, and is represented by the star.  
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Figure 7: Representation of the systematic, randomized SEM-EDS workflow used to analyze 
thin sections. A 6x6 cell grid is overlain on a scanned thin section. A random number (1-6) is 
generated to dictate what cell the finer grid will be placed (in this case 5). Within that finer grid 
another random number is generated (again 1-6) to dictate in what cell the EDS acquisition will 
take place (represented by the black dot, in this case cell 5). Once a spot is selected, 5 images at 
3 different magnifications (154x, 368x, 1,260x) are acquired. This is repeated twice for each thin 
section. 
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Facies Description N(#) Quartz Feldspar Dolomite Calcite Clays Pyrite 
1A: Organic-rich 
mudstone 
Dark gray to black organic-
rich, thinly laminated 
mudstone 
21 34.3% 19.9% 16.6% 1.9% 26.1% 1.1% 
1B: Organic-rich, 
silty mudstone 
Dark gray to black organic-
rich, thinly bedded silty 
mudstone 
13 42.5% 16.5% 11.2% 2.3% 26.8% 0.7% 
1C: Organic-rich, 
muddy siltstone 
Dark gray to black organic-
rich, thinly-bedded, silty 
mudstone 
9 37.2% 16.1% 26.6% 3.5% 16.0% 0.6% 
2: Dolomitic, silty 
mudstone 
Gray to black thinly-bedded, 
dolomitic, silty mudstone 9 30.7% 14.5% 29.3% 2.4% 22.4% 0.6% 
3: Calcareous, 
muddy siltstone 
Light gray, thinly-bedded, 
calcareous, muddy siltstone 2 25.9% 5.5% 42.8% 15.9% 9.2% 0.9% 
4: Dolomitic, 
quartzose siltstone 
Gray to brown, dolomitic, 
quartzose siltstone with 
discontinuous laminations 
4 34.8% 12.2% 45.5% 2.1% 5.2% 0.3% 
5: Interlaminated 
siltstone and 
mudstone 
Interlaminated yellow siltstone 
and dark gray to gray 
mudstone 
11 25.8% 7.1% 36.1% 12.6% 18.1% 0.1% 
6: Lenticular, 
dolomitic siltstone 
and mudstone 
Pale brown, dolomitic, 
lenticular siltstones 
interbedded with gray 
mudstone 
7 31.8% 6.4% 39.6% 11.5% 10.0% 0.5% 
7: Wavy, 
dolomitic siltstone 
and mudstone 
Pale brown, wavy-bedded, 
dolomitic siltstone interbedded 
with gray mudstone 
2 30.7% 4.8% 53.3% 6.4% 4.6% 0.1% 
8: Dolomitic, 
combined flow 
sandy siltstone 
Light gray, dolomitic, 
combined slow, sandy 
siltstone 
12 38.6% 5.7% 44.3% 5.7% 5.4% 0.4% 
	 66	
9A: Ripple 
laminated, sandy, 
dolomitic siltstone 
Light gray, dolomitic, ripple 
laminated, sandy siltstone 
7 39.8% 9.0% 21.5% 22.9% 5.4% 1.5% 
9B: Bioturbated, 
ripple-laminated, 
sandy, dolomitic 
siltstone 
Pale brown dolomitic, 
bioturbated, ripple-laminated, 
sandy siltstone 
25 35.4% 5.6% 42.0% 10.9% 4.7% 0.5% 
10: Convoluted, 
dolomitic siltstone 
Light brownish gray dolomitic 
sandstone with convoluted 
structures 
3 26.5% 7.2% 56.9% 4.2% 4.9% 0.3% 
11: Tabular, 
dolomitic siltstone 
Pale brown tabular-bedded, 
dolomitic siltstone 
11 40.3% 7.0% 40.0% 9.3% 3.7% 0.6% 
12: Low-angle 
stratified to 
trough-cross-
bedded, dolomitic, 
sandstone 
Pale brown, trough-cross 
bedded, dolomitic, very fine-
grained sandstone 
4 38.1% 6.7% 46.3% 5.5% 3.1% 0.7% 
13: Fossiliferous, 
silty dolomite 
Light brown, fossiliferous, 
silty dolomite with common 
fossil hash 
3 14.7% 8.8% 40.0% 22.6% 12.4% 1.5% 
14: Oncoid-
bearing, 
fossiliferous 
floatstone 
Gray to brown oncoid-bearing 
floatstone with diverse fossil 
assemblage 
13 21.5% 2.2% 40.3% 28.2% 7.1% 0.7% 
Table 1: Mineralogy data averaged for each depositional facies. N (#) refers to the number of samples for each particular facies, 
dolomite refers to Fe- and Mg-rich dolomite minerals summed together, clays refer to clay and mica minerals summed together.  
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Figure 8: Examples of primary grains from various outcrop localities. All images are in plane 
light. (A) Primary sub-angular quartz (Qz) and illite (Ci) from the Upper Member. (B) Primary 
quartz (Qz) and tasminites (Ta) grains floating in an illite (Ci) matrix from the Upper Member. 
(C) Primary sub-angular to sub-rounded quartz grains (Qz) surrounded by calcite (Ca) and 
dolomite (D) cements from the Middle Member. (D) Primary potassium feldspar grain (Kf) 
surrounded by primary quartz (Qz) and secondary illite (Ci) from the Middle Member. 
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Figure 9: Examples of cements from various outcrop localities. (A) PPL example of syntaxial, 
euhedral overgrowths on detrital quartz grains (Og) surrounded by quartz cement (Qc), dissolved 
potassium feldspar (Kf), and grain lining (Cl) and pore throat filling illite cement (Cp) (B) BSE 
image of examples of quartz overgrowths (Og), quartz cement (Qc), pore lining and pore throat 
filling (Cp) illite cement. (C) RL image of oncoid (Ca) with disseminated pyrite (Py) surrounded 
by primary quartz and feldspar grains (Qz). (D) RL image of framboidal pyrite (Py) from the 
Lower Member floating in an illite and quartz (Qz) matrix. 
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Figure 10: SEM-EDS images of dolomite rhombs across the study area, A: SP2 7.75; B: PG 0.0; 
C: DC 18.84; D: NC 15.04. Purple represents quartz, pink potassium feldspar, dark green 
magnesian dolomite, light green ferroan dolomite, blue illite, yellow calcite, and black porosity.  
Note the distinct euhedral crystal boundaries and close relation of dolomite to feldspar grains.  
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Figure 11: EDS maps and spectra of dolomite zonations throughout the Sappington Formation. 
A) EDS spectra of zoned dolomite from the SP outcrop location showing high Mg-Core and low-
Fe rim; B) EDS spectra of zoned dolomite from the PG outcrop location displaying moderate 
Mg-core and Fe-rim; C) EDS spectra of zoned dolomite from the NC outcrop locations 
displaying low Mg-Core and high Fe-rim. 
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Figure 12: SEM-EDS images of pore-filling and replacive calcite cement across the study area. 
Pore-filling cement: A: BR 36; B: NC 22.0, replacive cement: C: SPT6 0.0; D: BR 38. Purple 
represents quartz, pink potassium feldspar, dark green magnesian dolomite, light green ferroan 
dolomite, blue illite, yellow calcite, red pyrite, and black porosity.  Note calcite filling euhedral 
boundaries around earlier dolomite crystals (A, B), and forming a massive cement replacing 
earlier dolomite crystals (C, D). 
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Figure 13: EDS maps and spectra of calcite cements throughout the Sappington Formation. A) 
EDS spectra of pore-filling calcite cement at the NC outcrop location displaying Mg-depletion; 
B) EDS spectra replacive calcite cement at the SP outcrop location displaying a Ca-dominant 
phase. 
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Figure 14: Examples of secondary porosity types from various outcrop localities. All images are 
in plane light and at 40x zoom. (A) Dissolved detrital feldspar grains resulted in the formation of 
authigenic illite (brown) and open, secondary porosity (blue epoxy). A remnant feldspar grain 
(center) displays illite forming along cleavage planes at the North Cottonwood outcrop location 
(Sample NC 19.8). (B) Dissolved detrital feldspar grain (center) displaying secondary porosity 
along remnant cleavage planes at the Saddle Peak outcrop location (Sample SPT6 0.0). (C) 
Partially dissolved ferroan dolomite rim (white, high relief) and partially dissolved magnesian 
core (brown, high relief) creating secondary pore space, partially filled by illite (brown, low 
relief) at the North Cottonwood outcrop location (Sample NC 20.17). (D) Complete dissolution 
of dolomite creating moldic porosity at the Saddle Peak outcrop location (Sample SPT5 1.15). 
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Figure 15: Examples of fractures and microfractures present in the Middle Sappington 
Formation. Photomicrographs are in plane light. (A) Horizontal fractures (blue lineation) in 
dolomitic siltstone at the Potter’s Gulch outcrop location (Sample PG 3.11). (B) Sub-horizontal 
fractures (blue lineation) in dolomitic siltstone, with closely related secondary porosity around 
the fracture at the Hardscrabble Peak outcrop location (Sample BR 18). (C, D) Horizontal 
hydrocarbon filled (black) fractures in dolomitic sandstone at the Saddle Peak outcrop location 
(Sample SP 13.3). 
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Figure 16: Burial history of a pseudo-well placed in the middle of the Bridger Range, Montana. 
Colors are representative of lithologies and formation names are on the stratigraphic column to 
the right. The Sappington Formation is shown by the thick black line just above the Three Forks 
Formation. 
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Unit Age Thickness 
(m) 
Erosion 
(m) 
Lithology HF  
mW/m2 
SWI  
°C 
Fort Union 
Formation 
Paleocene 750 - Sandstone 45  21.1 
Livingston 
Group 
L. Cretaceous 
– Paleocene 
1000 - Sandstone 45  23.28 
Eagle Fm. L. Cretaceous 125 - Sandstone 45  23.19 
Colorado Group Cretaceous 500 - Clay Rich 
SS 
45  23 
Kootenai Fm. E. Cretaceous 110 50 Siltstone 45  25 
Morrison Fm. Late Jurassic 125 55 Shale 45  23.55 
Ellis Group Mid. Jurassic 125 - Limestone 45  22.66 
Undifferentiated Perm.-Tri. 0 200 Sandstone 70  22.58 
Quadrant Fm. Pennsylvanian 40 100 Sandstone 70  24 
Amsden Fm. Pennsylvanian 100 - Limestone 70  24 
Big Snowy Gp. Mississippian 110 25 Limestone 65  24 
Madison Group Mississippian 600 - Limestone 63  23 
Sappington Fm. Dev-Miss 20 - Dolomitic 
Sandstone 
60  23 
Three Forks 
Fm. 
Devonian 50 5 Dolomite 55 24 
Jefferson Fm. Devonian 180 - Dolomite 50  23 
Maywood Fm. Devonian 80 - Shale 45  24 
Snowy Range 
Fm. 
Cambrian 90 100 Limestone 45  24 
Pilgrim Fm. Cambrian 125 - Limestone 45  24 
Park Shale Cambrian 60 - Shale 45  23 
Meagher Fm. Cambrian 110 - Limestone 45  24 
Wolsey Fm. Cambrian 60 - Shale 45  23 
Flathead Fm. Cambrian 40 - Sandstone 45 24 
Table 2: Input parameters for basin model. Thickness and lithology were compiled from 
McMannis, 1955 and Skipp, et al., 1999. Heat flow (HF) compiled from Osadetz et al., 2002. 
SWI temperature from Wygrala, 1989. 
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Figure 17: Diagenetic sequences of the Sappington Formation (in black) and the Bakken 
Formation (in red). Note the similarities in the timing of magnesian dolomite formation, 
carbonate dissolution, and ferroan dolomite formation. The similarities in the diagenetic 
sequence are attributed to the similarities in the burial history and expulsion of pore waters into 
the Middle Members. 
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Figure 18: Temperature of the Sappington Middle Member through time (black curve) extracted 
from the basin model (Figure 16) with generalized diagenetic events shown in the temperature 
that they formed. Mineral phases are more complex than depicted here, and are simplified to 
show the generalized sequence.  
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Figure 19: Generalized schematic of the diagenetic sequence of the Middle Member of the 
Sappington Formation. Early events (A-C) include detrital feldspar dissolution, illite rim 
formation, and quartz overgrowth formation. Middle events (D-F) include magnesian dolomite 
formation, and subsequent dissolution. Late events (G-K) include ferroan dolomite formation, 
and subsequent dissolution, calcite cementation, and liquid hydrocarbon migration. 
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Sample TOC S1 S2 S3 Tmax HI 
BR 06 12.72 .23 23.1 5.41 440 181.6 
BR 08 9.77 .11 15 4.24 443 153.5 
BR 39 2.06 .01 1.74 1.47 440 84.5 
BR 9 15.28 .68 48.9 4.6 437 320.2 
Ross 1.15 10.41 .12 22.86 5.12 438 219.6 
Ross .85 5.78 .07 11.61 2.44 436 200.9 
SP1 5.46 2.45 .02 3.16 1.45 440 129.0 
SP2 12.61 1.5 .02 1.79 1.04 440 119.3 
SPT4 2.4 3.44 .03 4.52 2.06 440 131.4 
SPT5 1.46 .71 .01 .032 .89 439 45.1 
Table 3: RockEval pyrolysis information for selected samples from the Upper and Lower 
Members of the Sappington Formation. 
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Figure 20: Cross section hung on the contact of the Middle Member with the Upper Member, 
with sequence stratigraphic surfaces and clinoformal architectures (modified from Phelps, 2015). 
Background colors depict mineral concentration across the range (hot colors represent higher 
mineral concentrations), and the dashed line in the center of the study area marks the Cross 
Range Fault Zone. Note the higher dolomite concentrations along the toes of clinoforms, the 
decrease in dolomite concentrations near the shales, and the concentration of dolomite basinward 
away from the Cross Range Fault Zone. 
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Figure 21: Thin section photomicrographs from the Middle Sappington (A) and Middle Bakken 
Formations (B) showing strikingly euhedral dolomite crystals with magnesian cores (Mg) with 
ferroan rims (Fe). Ferroan dolomite in Bakken Example (B) is stained blue, not to be confused 
with porosity in examples above. (B) from Pitmann, et al., 2001. 
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Figure 22: Burial history of a well from the Williston Basin, North Dakota (top) from Olajide 
and Bend, 2014 compared to burial history of the Sappington Formation (bottom) (Figure 14). 
Colors are representative of lithologies and formation names are on the stratigraphic column to 
the right. Note the similarities in burial histories between the two basins. See Olajide and Bend, 
2014 for input parameters in the Williston Basin. 
 
 
